In the present work, a silver nanoparticle/delphinidin modified glassy carbon electrode (AgNP/Delph/GCE) was fabricated as a highly sensitive electrochemical sensor for gallic acid (GA) determination. Cyclic voltammetry experiments indicated a higher sensitivity and better selectivity for gallic acid when using the AgNP/Delph/GCE as compared with the bare GCE surface, which were attributed to AgNPs and delphinidin, respectively. Moreover, the calculated surface electron transfer rate constant (k s ), and the electron transfer coefficient (a) between the GCE and the electrodeposited delphinidin demonstrated that delphinidin is an excellent electron transfer mediator for the electrocatalytic process. The average catalytic rate constant (k 0 ) of the overall process was also estimated to be 7.40 Â 10 À4 cm s À1 for the AgNP/Delph/GCE in the presence of 1.50 mmol L À1 of GA. Amperometry experiments were used to determine the limit of detection of the AgNP/Delph/GCE electrochemical sensor, which was 0.28 mmol GA. The activity of the modified electrode was eventually investigated to assess the potential quantification of GA in real foods.
In the present work, a silver nanoparticle/delphinidin modified glassy carbon electrode (AgNP/Delph/GCE) was fabricated as a highly sensitive electrochemical sensor for gallic acid (GA) determination. Cyclic voltammetry experiments indicated a higher sensitivity and better selectivity for gallic acid when using the AgNP/Delph/GCE as compared with the bare GCE surface, which were attributed to AgNPs and delphinidin, respectively. Moreover, the calculated surface electron transfer rate constant (k s ), and the electron transfer coefficient (a) between the GCE and the electrodeposited delphinidin demonstrated that delphinidin is an excellent electron transfer mediator for the electrocatalytic process. The average catalytic rate constant (k 0 ) of the overall process was also estimated to be 7.40 Â 10 À4 cm s À1 for the AgNP/Delph/GCE in the presence of 1.50 mmol L À1 of GA. Amperometry experiments were used to determine the limit of detection of the AgNP/Delph/GCE electrochemical sensor, which was 0.28 mmol L À1 of GA. Finally, two linear ranges were found, i.e. 0.60-8.68 mmol L À1 and 8.68-625.80 mmol L À1 for GA. The activity of the modified electrode was eventually investigated to assess the potential quantification of GA in real foods.
Introduction
Phenolic compounds are strong antioxidants present in different kinds of plants and fruits such as bananas, citrus fruits, and tea. These compounds have captured great attention in recent years due to both scavenging ability against free radicals and ready availability. [1] [2] [3] Phenolic acids represent one of the main subsets of phenolic compounds. 4 The main types of phenolic acids in plants include hydroxycinnamic acid derivatives, such as caffeic acid, ferulic acid, and hydroxybenzoic acid derivatives, e.g. vanillic acid and gallic acid. 5 Gallic acid (GA), in particular, is one of the most important phenolic components found in bananas, blueberries, cantaloupes, grapes, and several other fruits. Previous studies have shown different properties belonging to GA, namely anti-carcinogenic, anti-mutagenic, and antioxidant properties. 6 For these reasons, GA and its esters have found an extensive use as additives in several sectors, especially cosmetics and food industry. 7, 8 Over the last decade, ne quantication of GA in different systems has become one of the main research topics in analytical chemistry, whereby new detection techniques are sought-aer. 9 The most established methods to quantify GA and other phenolic compounds in food matrices include spectrophotometric and chromatographic procedures, 10,11 whereas ow injection chemiluminescence and electrochemical methods came later on.
12,13 Lately, electrochemical sensors were recognized as more selective, reliable, and sensitive devices over other instrumental tools, with additional advantages such as lower cost, ease of use, and faster response time.
14-16 The electrochemical reaction of the reductant GA on the surface of the electrode is triggered by an applied voltage, which yields a quantiable current response proportional to the analyte concentration. However, because low kinetics and high over potentials are necessary to oxidize GA, direct oxidation on the surface of the bare electrode is not efficient. 17, 18 In addition, recent suggested uses of GA for applications beyond the food sector (e.g., medical, biomedical, and pharmaceutical applications) have imposed the necessity for electrochemical sensors with enhanced selectivity, sensitivity and limit of detection. To this scope, physicochemical modications on the electrode surface have demonstrated to be the most promising strategy. 19 Sangeetha et al. used a graphite electrode modied with thionine and nickel hexacyanoferrate for the determination of gallic acid. 20 They reported a limit of detection of 1.66 mmol L À1 and a linear range of 4.99-1200 mmol L À1 . In another work, AbdelHamid et al. fabricated an electrochemical sensor based on the modication of a glassy carbon electrode (GCE) using polyepinephrine for the determination of GA. 13 They calculated a detection limit of 0.663 mmol L À1 and a linear range of 1-20 mmol L À1 . The same authors also claimed the suitability of this sensor for the determination of GA in black tea. More recently, the use of nanoparticles opened the way for the modication of the electrode surface in order to achieve an enhanced performance of electrochemical sensors. Indeed, nanoparticles possess some unique properties, such as high surface area, strong adsorption ability (e.g. of active components, modiers, etc.) and good conductivity. 21 For example, Tashkhourian et al. developed a carbon paste electrode modied with TiO 2 nanoparticles for the quantication of GA. They reported 0.94 mmol L À1 and 2.5-150 mmol L À1 as the detection limit and linear range, respectively. The same authors investigated the application of the modied sensor for detecting the target analyte in green and black tea, demonstrating its suitability to work in real samples. 22 Moreover, silver nanoparticles (AgNPs) seem to have great potential as a modier for the development of electrochemical sensors due to some main features, such as excellent electrical conductivity, high catalytic activity, and capacitance character.
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In the current years, our group has proposed various kinds of electrochemical nano-sensors for the determination of several critical analytes in clinical, 24 industrial, 25 and food elds. 26 In this work, we aimed to develop a new electrochemical sensor for the quantitative determination of GA with higher sensitivity, higher selectivity, and lower limit of detection compared to other electrochemical sensors. To this scope, we decided to use a glassy carbon electrode (GCE) modied with silver nanoparticles, whereas delphinidin was selected as the outer layer in direct contact with the medium due to its chemical structure and redox behaviour in order to enhance the selective oxidation of GA. The rationale behind this strategy was to combine the 'physical' advantages linked to the use of AgNPs and the 'chemical' benets possibly arising from the immobilization of delphinidin on the AgNPs-modied GC electrode. Full electrochemical characterization of the silver nanoparticle/delphinidin modied glassy carbon electrode (AgNP/Delph/GCE) was carried out and the arising electrochemical properties were described. A potential application of the developed sensor on real food systems was eventually investigated by preliminary trials on a food simulant.
Experimental part

Chemicals and apparatus
Delphinidin chloride (analytical grade $95%, molar mass 338.70 g mol À1 ) was purchased from Sigma Aldrich. working, counter, and reference bare electrodes mounted on the electrochemical cell. All electrochemical experiments were run at 25 AE 2.5 C under ambient conditions.
Preparation of modied electrodes
The silver nanoparticle-modied GCE (AgNP/GCE) was prepared by a potential cycling procedure. First, the GCE was polished with alumina abrasive slurry (mean particle size 0.05 mm) on a polishing cloth and then rinsed with double distilled water. The GCE was then modied by a continuous potential cycling from À0.7 to 1.9 V at a sweep rate of 80 mV s À1 for 8
cycles in a solution containing 1 mmol L À1 AgNO 3 and 100 mmol L À1 nitric acid. 23 The delphinidin coating was deposited in a second step to eventually obtain the AgNP/Delph/GCE. To do so, the AgNP/GCE was rinsed with double distilled water and then modied by 8 cycles of potential sweep between À100 and 400 mV at 20 mV s À1 in a 1.0 mmol L À1 solution of delphinidin in a 0.1 mol L À1 phosphate buffer solution (pH 7.0). The delphinidin-modied GCE (Delph/GCE) was prepared according to the same procedure used for the AgNP/Delph/GCE preparation, without the silver nanoparticle deposition.
Results and discussion
Electrochemical behaviour of the AgNP/Delph/GCE
Cyclic voltammograms of the AgNP/Delph/GCE in the phosphate buffer and absence of GA at various scan rates from 5 to 4000 mV s À1 were acquired, though only the most relevant region from 5 to 175 mV s À1 (5 mV s À1 scan increment) is shown in Fig. 1 . In addition, the inset a is representing the 8 cycles of cyclic voltammograms of potential sweep between À100 and 400 mV at 20 mV s À1 in a 1.0 mmol L À1 solution of delphinidin in a 0.1 mol L À1 phosphate buffer solution (pH 7.0) for making the AgNP/Delph/GCE (inset a). The plot of the anodic and cathodic peak currents (I pa and I pc ) versus the potential scan rates (inset b) is represented by a straight line (R 2 ¼ 0.99 for both I pa and I pc ). The electron transport is diffusionless and controlled uniquely by the immobilized delphinidin adsorbed on the electrode surface. This is due to the fact that electron transfer occurs in situ, namely on the modied electrode surface. In turn, this conrms the immobilization of the modier onto the bare glassy carbon electrode (BGCE) surface.
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For scan rate potentials below 700 mV s À1 , the peak-to-peak
is about 44 mV. This separation reects a non-Nernstian behaviour. However, this value increased aer 700 mV s À1 with increasing the scan rates ( Fig. 1, insets c and d) , showing the limitation arising from the electron transfer kinetics. Cyclic voltammetry also allowed determining two commonly employed quantities in the kinetic investigation of electrode processes. 27 The apparent heterogeneous electron transfer rate constant, k s , and the electron transfer coefficient, a, for a surface-conned (i.e., diffusionless) electron transfer between the redox couple of delphinidin and the AgNP/GCE were obtained by plotting the variation of the anodic and cathodic peak potentials versus the logarithm of scan rates.
28 Accordingly, k s , and a can be gathered from the slope and intercept of such plots, respectively. We found that for scan rates above 1 V s
À1
the E pa and E pc values were proportional to log v (Fig. 1c) . Eventually, k s ¼ 13.20 s À1 and a ¼ 0.55 were estimated by using Laviron theory. These values reect the symmetry of the freeenergy curve (with respect to the reactants and products) and the excellent attitude of delphinidin to work as an electron transfer mediator for electrocatalytic processes. 26 To assess the potential electrocatalytic oxidation of the different modied electrodes, cyclic voltammetry experiments were carried out using the (a) AgNP/Delph/GCE and (b) Delph/GCE in the absence of GA and (c) AgNP/Delph/GCE, (d) Delph/GCE, (e) AgNP/GCE, and (f) BGCE in the presence of 0.5 mmol L À1 GA water solution in 0.1 mol L À1 phosphate buffer (pH 7.0). The obtained voltammograms are shown in Fig. 2 . Comparing voltammograms Fig. 2(a) and (b) of the AgNP/Delph/GCE and Delph/GCE in the absence of GA, it can be seen that the reversibility of delphinidin at the AgNP/Delph/GCE surface is considerably improved. This effect can be attributed to the AgNP deposition, which allowed for a higher surface area of the modied electrode to such an extent that the background voltammetric response and capacitance of the AgNP-coated surface were higher than those of the bare surface. On the other hand, it can be said that the presence of AgNPs on the electrode surface will improve the electron transport between Delph and the GCE. This was clearly demonstrated by the higher current peak, which accounts for an ultimate higher sensitivity of the AgNP/ Delph/GCE surface. A comparison between voltammograms (a) and (c) of Fig. 2 reveals that, as expected for electrocatalytic oxidation, there was an increase in the anodic peak current of the AgNP/Delph/GCE ox /AgNP/Delph/GCE red redox couple in the presence of GA. Moreover, the cathodic peak current disappeared. Furthermore, the anodic peak potential associated with the GA oxidation was about 138 mV at the AgNP/Delph/GCE surface (trace c, Fig. 2 ) and 219 mV at the AgNP/GCE surface (trace e, Fig. 2) , while the anodic peak potential recorded for the BGCE (trace f, Fig. 2 ) was approximately 330 mV. Therefore, the modication made by the electrodeposition of AgNPs yielded a shiing of the peak potential of GA oxidation of 111 mV toward negative values when compared with that at the BGCE. An even better performance was achieved aer the immobilization of the delphinidin layer, with a shiing of 192 mV. A lower peak potential is desirable to achieve a better selectivity performance, (i.e., to determine the target analyte in a potential window where a lower number of interferents are present). A similar behaviour was observed when comparing the AgNP/ Delph/GCE (trace c, Fig. 2 ) and the Delph/GCE (trace d, Fig. 2) . Again, the presence of the nanoparticles on the electrode surface remarkably enhanced the oxidation peak current of GA due to the increased surface area exposed to the medium. The absence of any cathodic peak for the BGCE and the modied versions indicate that the oxidation product undergoes a further chemical reaction or is not reduced at the glassy carbon electrode. 29 The electrocatalytic oxidation characteristics of GA at various electrode surfaces at pH 7.0 are summarized in Table 1 .
Electrocatalytic oxidation of GA at the AgNP/Delph/GCE
Electrocatalytic oxidation of GA at the AgNP/Delph/GCE surface in a 0.1 mol L À1 phosphate buffer solution (pH 7.0) containing 1.50 mmol L À1 GA was investigated by cyclic voltammetry (Fig. 3) . The linear relationship between the electrocatalytic peak current (I p ) and the square root of scan rate (n 1/2 ) (Fig. 3, inset a) suggests that at an adequate over potential, and according to the eqn (2), the process is diffusion-limited. Consequently the overall electrochemical oxidation of GA at the modied electrode surface might be controlled by the cross-exchange process 'GA 4 redox site' of the AgNP/Delph/GCE and the diffusion of GA. Andrieux and Saveant developed a theoretical model that relates the concentration of the analyte and the peak current for low scan rates (14-30 mV s À1 ) and large values of the kinetic parameters: catalytic rate constant (k 0 ); supercial concentration of the modier (G 0 ), corresponding to the coverage by one monolayer; and number of equivalent monolayers in the lm (l, generally 1 for the usual derivatized electrodes and of the order of 10 and even 100 for redox polymer electrodes):
where n is the number of electrons (2) ). By using the slope of the linear plot I p versus n 1/2 (Fig. 3, inset a), the number of electrons (n) involved in the overall catalytic reaction can be gathered according to the following equation for irreversible diffusion-controlled processes.
where A, C b , and D have been previously dened and (1 À a)n a ¼ 0.68 (see below). The total number of electrons involved in the anodic oxidation of GA was calculated to be n ¼ 2. ) are reported in (Fig. 3, inset b) . The points on the linear sweep voltammograms show that the rising part of the ) during the chronoamperometric measurements (potential 220 mV). Numbers 1-10 correspond to the different GA concentrations. Insets: (a) chronoamperograms of the intensity (I) as a function of the reciprocal square root of time (t voltammograms, which is known as the Tafel region, is affected by electron transfer kinetics between the substrate, GA, and the surface-conned delphinidin, assuming the deprotonation of GA as a sufficiently fast step. In this condition, the number of electrons involved in the rate-determining step (i.e., the transfer between GA and the modier) can be estimated from the slope of the Tafel region.
3.3. Chronoamperometric measurements of electrocatalytic oxidation of GA at the AgNP/Delph/GCE surface Chronoamperometry experiments at a potential of 220 mV (Fig. 4) made it possible to investigate the catalytic oxidation of GA using the AgNP/Delph/GCE. The current response (I) under a diffusion-controlled electrocatalytic process of an electroactive material (e.g., GA), was described by Cottrell:
which can be explicated as:
with m ¼ (It 1/2 )/C b . From the raw chronoamperometric traces (I versus t), a linear plot for each GA concentration was easily obtained by using the square root of time (Fig. 4, inset a) . The slopes of the resulting straight lines were then plotted versus the GA concentration to eventually obtain an individual straight line (Fig. 4, inset b) , whose slope is m. With n, F, and A known, the average diffusion coefficient (D) of GA was estimated to be 1.56 Â 10 À6 cm 2 s
À1
.
3.4.
Amperometric studies of electrocatalytic oxidation of GA at the AgNP/Delph/GCE surface Dynamic amperometry experiments (i.e., conducted by rotating the working electrode) involve a higher current sensitivity than cyclic voltammetry experiments. Therefore, these kinds of experiments can protably be used to extract the detection limit of GA and measure the linear range at the surface of the working electrode. The amperogram obtained in this work for the rotating AgNP/Delph/GCE is shown in Fig. 5 , panel a. The experiments were carried out at a potential of 220 mV in a 0.1 mol L À1 phosphate buffer solution (pH 7.0) at different GA concentrations. A linear relationship was found for two wide concentration ranges, i.e. 0.60-8.68 mmol L À1 (Fig. 5, panel b) and 8.68-625.80 mmol L À1 (Fig. 5, panel c) .
The linear least square calibration curve of the rst range had a slope of 0.01 mA (mmol L À1 ) À1 (sensitivity) and a coefficient of determination (R 2 ) of 0.99. The lower limit of detection, LOD, was obtained according to: The amperometric current of GA did not change and no decrease was observed in the response current. This observation shows that, throughout the monitored time span, there was no inhibition effect due to the adsorption of GA and GA's oxidation products on the modied electrode surface. Some of the most relevant electroanalytical parameters obtained in this study were compared with those reported in previous studies and are summarized in Table 2 .
Potential determination of GA in beverages
The last part of this study was aimed to assess the suitability of the AgNP/Delph/GCE as an analytical device for the GA determination in real foods. To this goal, 5 mL of different beverage samples (listed in Table 3 ) were diluted with 10 mL phosphate buffer solution (0.1 mol L À1 , pH 7.0). The addition of specic amounts of GA to the cell containing the different beverage samples allowed the determination of the recovery of the analyte. All the measurements presented in Table 3 are performed by measuring the GA oxidation current at the AgNP/Delph/GCE surface and by extrapolation in the calibration graph of Fig. 5 . Then, to investigate the concomitant effects of compounds usually present in fruit juices, voltammograms were recorded in the absence and presence of ascorbic acid. It should be noted that the presence of other phenolic acids, if they interacted with Delph, can be considered as an interference agent at determining gallic acid. The nal recovery results, in the range 99.09-100.9%, clearly show the potential of the proposed sensor for practical applications, i.e. in real food systems.
Conclusions
A new electrochemical sensor with a satisfactory limit of detection and high sensitivity was developed for the quanti-cation of the antioxidant phenolic compound GA. The nal results obtained within this study provided evidence of the pivotal role played by the AgNPs at the surface of GCE in increasing the sensitivity of the delphinidin coating and the background voltammetric response (capacitance current). In addition, the electrodeposition of delphinidin on the surface of a silver nanoparticle-modied glassy carbon electrode was demonstrated, thus generating an AgNP/Delph/GCE with strong electrocatalytic behaviour (oxidation of GA). Preliminary tests also demonstrated the potential of the developed electrochemical sensor as a valid alternative to the most common analytical techniques for the determination of GA in real food systems. 
